The competing mechanisms that regulate adhesion of bacteria to surfaces and subsequent biofilm formation remain unclear, though nearly all studies have focused on the role of physical and chemical properties of the material surface. Given the large monetary and health costs of medical-device colonization and hospital-acquired infections due to bacteria, there is considerable interest in better understanding of material properties that can limit bacterial adhesion and viability. Here we employ weak polyelectrolyte multilayer (PEM) thin films comprised of poly(allylamine) hydrochloride (PAH) and poly(acrylic acid) (PAA), assembled over a range of conditions, to explore the physicochemical and mechanical characteristics of material surfaces controlling adhesion of Staphylococcus epidermidis bacteria and subsequent colony growth. Although it is increasingly appreciated that eukaryotic cells possess subcellular structures and biomolecular pathways to sense and respond to local chemomechanical environments, much less is known about mechanoselective adhesion of prokaryotes such as these bacteria. We find that adhesion of viable S. epidermidis correlates positively with the stiffness of these polymeric substrata, independently of the roughness, interaction energy, and charge density of these materials. Quantitatively similar trends observed for wild-type and actin analogue mutant Escherichia coli suggest that these results are not confined to only specific bacterial strains, shapes, or cell envelope types. These results indicate the plausibility of mechanoselective adhesion mechanisms in prokaryotes and suggest that mechanical stiffness of substrata materials represents an additional parameter that can regulate adhesion of and subsequent colonization by viable bacteria.
Introduction
The design of functional materials to control the formation of biofilms, structured communities of bacteria protected by a polysaccharide matrix, has been the subject of numerous research efforts. Hospital-acquired infections represent an estimated $4.5 billion cost, 1 with an associated annual mortality of 100000 persons in the U.S. alone. 2 The commensal bacterial species Staphylococcus epidermidis is the most common agent of infection, 1, 3 exceeding the infection rate of methicillinresistant Staphylococcus aureus (MRSA), with virulence often attributed to initial attachment of a viable bacterial population to the surface 4 of a medical device and subsequent formation of a mature biofilm.
Current approaches to limit bacterial colonization have focused on chemical degradation of stably adhered bacteria, including surface functionalization with microbicidal agents, [5] [6] [7] surface impregnation with slow-releasing biocides such as gold or silver [8] [9] [10] [11] and antibiotics, 5, 12 or surface functionalization of specific antimicrobial peptides and polymers. 7, [13] [14] [15] Because biofilm formation requires the initial, stable attachment of a viable bacteria population on a surface, 4 another promising approach to limiting microbial colonization is prevention of bacterial adhesion to material substrata prior to colonization. Others have reported that poly(ethylene glycol)-conjugated polypeptides confer adhesion resistance and suggested that such results may be due to high degrees of substrata surface hydration; 16 this speculation was not systematically tested. More generally, the development of a versatile and comprehensive approach to reduce stable bacterial adhesion to surfaces has been limited by incomplete understanding of the regulating physicochemical material properties. Physical characteristics such as surface roughness do not appear to impact bacterial adhesion consistently, with some studies reporting reduced adhesion of S. epidermidis to smoother surfaces 17 and others finding no conclusive correlation. 1, [17] [18] [19] [20] [21] Material surface charge and hydrophobicity have been reported to be crucial during the primary, kinetic step of adhesion. [22] [23] [24] [25] However, several studies have reported no correlation between microbial adhesion and substratumhydrophobicitymeasuredviacontactanglemeasurements 18, 19 and claimed the presentation of surface functional groups capable of charge transfer (Lewis acid/base character of the surface) as the critical surface factor governing bacterial adhesion. [26] [27] [28] As the specific interactions among bacteria, solvents, and substrata can each contribute independently to the efficiency of adhesion, others have claimed the dominant factor to be total interaction energy between the microbe, liquid media, and substrata material, usually expressed as the work of adhesion. [28] [29] [30] Beyond the potential strain-dependence and the convolution of competing factors such as surface roughness and surface energy in the synthetic surfaces considered, such contradictory results may indicate unrecognized surface properties that modulate bacterial attachment. Here, we engineer material surfaces of quantified surface roughness, charge density, interaction energy, and elastic moduli to consider whether the mechanical compliance of the surface, now widely appreciated to modulate the adhesion and function of eukaryotic cells, [31] [32] [33] [34] [35] may also regulate bacterial adhesion to underlying substrata. S. epidermidis, a spherical Gram positive (G+) microbe, was the predominant bacterium type in our study. This microbe serves as an established model for bacterial attachment, 36 as well as a common cause of medical-device related and hospital-acquired infections. 1, 3, 37 Strategies for prevention of initial colonization and infection with S. epidermidis are clinically important, as these strains are increasingly resistant to antibiotics. 38 E. coli, a rod-shaped Gram negative (G-) microbe, and its actin analogue mutant form ∆mreB E. coli were also tested to consider whether our observations were limited to only specific strains, cell shapes, or Gram-stain classes.
To vary the physicochemical and mechanical properties of the substrata, we employed a class of synthetic polymer thin films termed weak polyelectrolyte multilayers (PEMs) comprising the polyelectrolytes, poly(allylamine) hydrochloride (PAH), and poly(acrylic acid) (PAA). The chemical functionality and mechanical compliance of such films can be adjusted by simple variations of the layer-by-layer assembly conditions, such as choice of polyanion/polycation or assembly pH, 33 and can be applied to a wide range of surfaces requiring biofilm prevention, including polymers, glasses, 39 and metals. 13 The effective elastic modulus E or stiffness of such hydrated films under in vitro culture conditions can be varied over several orders of magnitude by manipulation of assembly pH. 33 We and others have shown that this substrata stiffness modulates tissue cell adhesion independently of physicochemical characteristics, such as adhesive ligand density. 31, 32, 40, 41 Through extensive characterization of these tunable polymeric substrata, we demonstrate that S. epidermidis exhibits mechanoselective adhesion. As a result, bacterial colonization can be significantly reduced by modulating the compliance of the material substrata, independently of short and long-range physicochemical properties of the cell-material interface.
Experimental Section
2.1. PEM Assembly. Polyelectrolyte multilayers were assembled as previously described, in a layer by layer (LbL) automated assembly of alternate dipping into polycation/anion solutions. 42 Solutions at 10
M in 18 MΩ Milli-Q water of PAA (poly(acrylic acid); M w g 200000 g/mol; 25% aqueous solution; Polysciences (previously labeled as M w ) 90000 g/mol)) or PAH (poly(allylamine hydrochloride); M w ) 70000 g/mol; Polysciences) were pH-adjusted using 1 M HCl and NaOH. Multilayers were assembled PAA first on aminoalkylsilane coated glass (Sigma-Aldrich) or, for Figure 1 only, on medical grade titanium (ASTM F67, President Titanium, Hanson, MA). Notation refers to the assembly conditions with the PAA pH followed by the PAH pH, that is, a 3.5/8.6 PEM was assembled using PAA at pH 3.5 and PAH at pH 8.6. All PEMs were prepared to dry thicknesses of ∼50 nm, which required variation in the total number of layering (dipping) cycles at each assembly pH. The samples included 2.0/2.0 (9.5 bilayers), 4.0/ 4.0 (7.5 bilayers), 6.5/6.5 (49.5 bilayers), 3.5/7.5 (5.5 bilayers), and 3.5/8.6 (5.5 bilayers). The following samples studied the effect of masking an underlying PEM substrata in Figure 4 : 6.5/6.5 (50 bilayers; PAH final dip) plus 0.5 bilayer of pH 2.0 PAA; 6.5/6.5 (49.5 bilayers) plus one bilayer of 2.0/2.0; and 2.0/2.0 (9.5 bilayers) plus pH 6.5 PAH.
The propensity for assembly pH-modulated extent of ionic crosslinking in these weak PEMs differs significantly from strong PEMs used by others in studies for aspirated deadhesion of eukaryotic cells. 5 cells/mL; for all concentrations, the density of colonies observed on the PEM substrata assembled at pH 6.5 (b) was significantly greater than that observed on the substrata assembled at pH 2.0 (1). (b) For the given initial concentration, colony number was greater and colony size was smaller on stiffer substrata, supporting a model whereby bacteria attachment is modulated in part by substrata stiffness, but subsequent growth is affected predominantly by available space and nutrients. Scalebars ) 500 µm.
Force Probe, Asylum Research, Santa Barbara, CA), were quantified as previously described. 33 Silicon nitride cantilevers (MLCT-AUHW, Veeco Metrology Group, Sunnyvale, CA) were used to indent PEMs to maximum depths of <20 nm, with a threshold filter to maintain equal loads for each indentation. The probe radius of curvature R p was ∼50 nm; cantilever spring constant k was nominally 0.1 N/m and was experimentally determined for each cantilever. 44 Nanoindentation was performed in an acoustic isolation enclosure (Herzan, Inc.) at room temperature in 0.2 µm, filtered PBS or Milli-Q water. Nanoindentation force-depth data were analyzed in IGOR (Wavemetrics, Lake Oswego, OR) and E was determined according to a modified Hertzian contact model; 33 see Supporting Information.
Substrata Surface Energy and Interaction Energy.
To determine the total interaction energy and surface tension components of the substrata, liquid contact angles were measured for the polar solvents water and ethylene glycol and the apolar solvents hexadecane and diiodomethane. A total of 5-10 measurements were performed on each sample using the sessile drop technique, and contact angles were recorded for static, advancing, and receding drops. Contact angles were measured using a camera-equipped Advanced Surface Systems machine. Liquid contact angles were used to determine thermodynamic properties of the surface-bacterial cell-liquid interface according to the Lewis acid-Lewis base theory of Van Oss. 28 Using the Van Oss approach, liquid contact angles of three or more test solvents are measured and then the nonlinear Van Oss-Young equations solved simultaneously; see Supporting Information.
2.4. Substrata Surface Charge Density. Surface charge density Q was analyzed for PEMs 2.0/2.0 and 6.5/6.5 via AFM force spectroscopy (3DMFP, Asylum Research), using cantilevered carboxylic acid-functionalized polystyrene spheres of approximately 3 µm radius (BioForce Nanosciences, Ames, IA; nominal k ∼ 0.1 N/m). Force-distance curves were first acquired in deionized water using a test surface comprised of mercaptoundecanoic acid (MUA)-functionalized gold with calibrated Q 45, 46 of Q ) -18 mC/m 2 , from which the Q of the colloidal probe was calculated using models adapted from Rixman et al.; 45, 46 see Supporting Information. We deemed this approach to be a more direct and representative measurement of surface charge density apparent to an approaching microscale microbe, relative to alternative characterizations such as streaming and standard Zeta potential measurements, the latter of which requires a degree of antiflocculation unattainable for several of the PEMs considered.
2.5. Bacterial Attachment Assays. Waterborne bacterial attachment assays were adapted from the established protocol of Tiller et al. 7 Briefly, Miller Luria-Bertani or LB-Miller broth (purchased from VWR) was inoculated with a monoclonal strain of Staphylococcus epidermidis (S. epidermidis, ATCC #14990), E. coli (w3100 strain of well-documented lineage ATTC #14948), 47 or E. coli mutant strain ∆mreB, using a sterile loop and incubated overnight at 37°C while shaking. Two 50 mL aliquots of culture were centrifuged at 2700 RPM (RCF 1010 g) for 10 min at 4°C (see ref 7) , the LB-Miller broth decanted, and the bacterial cell pellets resuspended in 150 mM NaCl PBS, the molarity of 1× PBS (VWR). Following resuspension, the cells were centrifuged twice (5 min, 2700 RPM) to ensure complete removal of LB broth, with a final resuspension in 18 MΩ Millipore water. The resuspension was serially diluted with water from 10 9 cells/ mL (measured via optical density) to create suspensions of 10 3 -10 8 cells/mL. Studies in water were conducted at 10 7 cells/mL for S. epidermidis and 0.5 × 10 7 cells/mL for E. coli due to overall higher adhesion efficiency of E. coli. Samples (in triplicate for each condition) were placed in the bacterial solutions for 2 h at room temperature followed by agitation in three water bath rinses, each for ∼5 s. Samples were incubated under 1% LB agar (VWR) gel overnight, and colonies were counted to determine the ability of viable bacteria to attach to each sample. Initial adhesion assays in PBS ( Figure 2 ) were identical to those in water, except that final resuspensions occurred in PBS and incubation periods occurred at 37°C with shaking; note that the salt titration assay of Figure 5 was conducted at room temperature without agitation. Samples with few colonies were hand counted. For densely populated slides, at least 10 digital images per sample were acquired with a 4× objective using an inverted optical microscope (Leica), and semiautomated image analysis was conducted; see Supporting Information. Statistical analysis was conducted using the Tukey-Kramer multiple-comparisons post-test analysis of variance (ANOVA).
Results and Discussion

Bacterial Colonization can be Reduced by Material
Substrata Modifications. Although the competing mechanisms remain unclear, a large body of data suggests that both physical and chemical modifications of a material surface can be engineered to limit bacterial colonization. [5] [6] [7] [8] [9] [10] 12, 13, 20, 22 For example, as shown in Figure 1 , coating surgical-grade titanium alloy with a synthetic PEM of PAA and PAH reduced colony density of waterborne S. epidermidis bacteria by orders of magnitude after immersion in 10 7 bacteria/mL. Reduced colonization over both 2 and 4 h incubation timescales is relevant to medical procedure durations involving, for example, cardiac assist and orthopedic implant devices. 48 This PEM was ionically crosslinked through layer-by-layer dipping of the titanium into polycation and polyanion solutions at pH 2.0 (see Experimental Section) prior to full hydration and equilibration in sterile, deionized, distilled water.
Weak Polyelectrolyte Multilayers Modulate Stable Adhesion of S. epidermidis Bacteria.
We varied the assembly pH of the PEM substrata to consider how such modifications might affect S. epidermidis colonization of these surfaces. Assembly of these weak PEMs at pH 2.0 results in a substrata of much lower stiffness (effective elastic modulus E ∼ 1 MPa) than at pH 6.5 (E ∼ 100 MPa). 33 As shown in Figure 2a , for a 2 h incubation of substrata in seeding concentrations ranging from 10 3 to 10 8 bacteria/mL of 150 mM NaCl phosphatebuffered saline, average colony density (number of colonies per unit substrata) was greater on mechanically stiffer substrata. For a given seeding concentration, the average colony size observed after 24 h culture was also much greater on the more compliant substrata; this suggested that the properties of these substrata possibly affected both bacterial adhesion and colony growth. Figure 2b suggests that the observed differences in colony density occurred at the stable adhesion step: colony size depended on colony density for both substrata. In other words, the initial bacterial attachment increased with increasing substrata stiffness, but the subsequent colony growth was likely limited by available space and nutrients postadhesion.
Characterization of Polymeric Substrata Properties.
To consider the characteristics of the polymer substrata that directly affect attachment of S. epidermidis, we conducted a larger study in deionized water to eliminate possible charge shielding and reorganization of the ionic crosslinks within the PEM substrata in salt solutions. For the substrata considered, we quantified the mechanical compliance and the physicochemical surface properties considered to affect microbial adhesion. Table 1 indicates physicochemical and mechanical characteristics of substrata employed in the larger study. PAA and PAH were adjusted to the same pH (e.g., PAA/PAH 2.0/2.0) as well as to different pH (e.g., PAA/PAH 3.5/7.5) during assembly to increase the range of substrata properties. Atomic force microscopy (AFM) imaging of hydrated substrata in tapping mode indicated a range of root-mean-square (rms) surface roughness from 3 to 30 nm. AFM-enabled nanoindentation of the PEMs hydrated in deionized water indicated an average elastic modulus E ranging over 2 orders of magnitude from the stiffest PEMs assembled at pH 6.5 (E ) 80.4 MPa) to the most compliant PEMs assembled at pH 2.0 (E ) 0.8 MPa), consistent with our previously reported mechanical characterization of these PEMs in 150 mM NaCl phosphate buffered saline (1× PBS). 33 Surface energies of interaction were calculated according to Van Oss' adaptation of Young's theory, 28 which correlates the interfacial tension and surface energy of interaction between materials in a solvent. Four solvents of disparate surface tension and polarity were used (see Experimental Section). The apolar and polar components of this surface tension relate to the Lifshitz-van der Waals and Lewis acid-Lewis base (charge transfer) character of each sample, respectively; both interactions are thought to influence bacterial adhesion. 28 Thermodynamic properties at the PEM-liquid interface have been characterized using the Van Oss approach to describe the assembly process but, to our knowledge, have not been applied in the context of microbe-water-PEM (MWP) interactions. 49 The surface interaction energies ∆G MWP for all PEM substrata considered narrowly ranged from 26-29 mJ/m 2 and were statistically indistinguishable (see Supporting Information for the component determinants of ∆G MWP ).
To assess net surface charge density Q present at the fluid-PEM interfaces, the substrata assembled at pH extremes of 2.0 and 6.5 were probed in deionized water using a carboxylated colloidal sphere approximately the size of a few bacteria (3 µm radius; see Experimental Section). As PEM assembly relies on charge overcompensation to increase substrata thickness, one might expect the observed net-negative Q because the anionic polymer, PAA, was layered last. However, it is important to note that although these polymeric substrata are termed multilayers due to the layer-by-layer assembly process, the structure is not striated and the polyanion and polycation macromolecular chains are highly entangled. Charge densities of PEMs assembled at pH 2.0 and 6.5 were well within one standard deviation (Q ) -2.29 ( 0.1 mC/m 2 and -3.18 ( 1.4 mC/m 2 , respectively); see Figure 3d . Q was unchanged in solutions of higher ionic strength, such as 150 mM NaCl PBS, although charge is effectively screened in such ionic solutions.
In summary, the nominal elastic moduli of these substrata varied over approximately 2 orders of magnitude, while the other physicochemical characteristics considered to regulate bacterial adhesion varied to a known or statistically indistinguishable extent. We confirmed that these surface properties were unchanged when the substrata were hydrated over the timescales of the bacterial incubation assays discussed below.
S. epidermidis Adhesion Modulated
Chiefly by Substrata Mechanical Compliance. We leveraged the above ensemble of substrata in a 2 h incubation of 10 7 cells/mL in deionized water and observed the average colony density following 24 h culture under 1% agar. S. epidermidis remained viable in ion-free suspensions that were well in excess of the duration of the attachment assays. Figure 3a demonstrates strong positive correlation between the substrata elastic moduli and colony density, with an approximately 100-fold increase in colony density for a 100-fold increase in substrata stiffness. As substrata stiffness may be correlative with physicochemical surface interactions that more strongly or more directly affect this initial bacterial adhesion, we also considered correlations with surface roughness, total interaction energy, and charge density. The rms surface roughness varied among the substrata from 3 to 30 nm, yet Figure 3b indicates no discernible effect on bacterial attachment over this range and distribution of surface roughness. Figure 3c shows that the surface interaction energy of the S. epidermidis-water-PEM system ∆G MWP was statistically indistinguishable (1-way ANOVA, a ) 0.05, P ) 0.987) among these mechanically dissimilar substrata. Finally, we found net surface charge density to be quite similar for the two substrata that differed most in both surface roughness and mechanical compliance (PEMs assembled at pH 2.0 and 6.5).
In fact, Figure 3d shows that the slight interfacial electrostatic repulsion of these PEMs in deionized water (∼-3 mC/m 2 ) extends less than 20 nm from the PEM surface. This interaction distance is small compared to the projected length of bacteria fimbriae or pili that extend 500 to 1000 nm from the bacterial cell surface, 22, 50, 51 suggesting one mechanism by which bacteria overcome such electrostatic repulsion. Thus, at least for substrata of comparable surface interaction energies and charge density, it appears that adhesion of viable S. epidermidis can be modulated by the mechanical stiffness of the substrata. For the physicochemical properties quantified here, S. epidermidis colony density increases with increasing substrata stiffness over the range of 1 MPa < E < 100 MPa.
To further test this hypothesis, we employed the tunability of layer-by-layer assembly to gradually alter effective compliance of the PEM surface. After assembling stiff substrata at pH 6.5, we then added 0.5 and 1 bilayer of the compliant PEM at pH 2.0; after assembling compliant substrata at pH 2.0, we added 0.5 bilayer of the stiff PEM at pH 6.5 (see Experimental Section). As expected, E of the stiff PEM surface decreased upon addition of compliant layers from the extrema of E ∼100 MPa (pH 6.5) to ∼30 MPa (pH 2.0, 0.5 bilayer) and ∼1 MPa (pH 2.0, 1 bilayer). Effective E of the compliant PEM increased to E ∼ 100 MPa when topped with PAH 6.5, due ostensibly to polycation interpenetration and crosslinking.
52 Figure 4 demonstrates that by changing the effective substrata compliance through this approach, S. epidermidis colony density progressively decreased with increasing PEM compliance. The assembly of such composite films has the potential to alter other surface characteristics within this substrata set, but the strong correlation between effective substrata stiffness and colony density is retained. This gradual masking of mechanoselective adhesion is consistent with previous studies on eukaryotic cells 32 but is observed here after addition of just a single compliant polyelectrolyte layer; decreased adhesion of fibroblasts is not observed until addition of at least five bilayers of the compliant PEM to the stiff PEM. This may be attributed in part to the increased forces and distances over which eukaryotic cells can strain the underlying substrata through actomyosin traction at focal adhesions of diameters comparable to a single bacterium. 
Mechanoselective Adhesion is Independent of Monovalent Ion Concentration.
To consider whether the presence of the monovalent ions in 150 mM NaCl phosphate-buffered saline (PBS) strongly affected the observed trends, bacterial attachment to the most mechanically distinct PEMs (assembled at pH 2.0 and 6.5) was monitored over a titration of salt concentrations. Solution molarity of 150 mM approximates physiological ionic strength, and the absence of Ca 2+ and Mg
2+
ions approximates low extracellular calcium levels predominantly complexed with serum albumin or negative ions. 55 Figure  5 shows that there is no major change in colony density with increased solution ionic strength (pure water to 150 mM NaCl PBS). More generally, this suggests that the molecular agents involved in this mechanosensation are not sensitive to monovalent ionic strength changes over this broad spectrum. Additionally, the Debye screening length, the distance from the substrata surface over which electrostatic effects extend through the aqueous media, is a function of the ionic strength and is ∼100 nm in water (Figure 3d ) and <1 nm at the highest ionic strength assayed. 28 One may reasonably conclude that the effect of surface charge density and its associated free energy on bacterial adhesion are negligible under all solution molarities in this system, because there is no significant change in the adhesion response as the screening length is modulated across different length scales. This titration result is particularly interesting in light of recent hypotheses that bacterial sensing of mechanical stimuli may occur through stretch-induced activation of transient receptor potential (TRP) ion channels. [56] [57] [58] Our results suggest that activation of mechanosensitive TRP ion channels is not required. It is also now known that some bacteria possess analogs to eukaryotic mechanoactive cytoskeletal components, including actin analogues such as mreB, molecular motors, and integrin analogues. 59 However, although S. epidermidis have been shown to express ftsZ (a tubulin analogue that is chiefly . Multilayer addition to modulate composite substrata stiffness. Addition of 0.5 and 1 bilayer of PAA/PAH at pH 2.0 onto a stiff PEM (pH 6.5) decreases the effective mechanical stiffness of the substrata (gray circles) and decreases the bacterial colony density (black columns). Addition of one bilayer of PAA/PAH at pH 6.5 to a compliant PEM (pH 2.0) increases effective stiffness (black triangles) and bacterial colony density (gray columns). We observed statistically significant differences in the colony densities among the masked PEM 6.5 substrata and among the masked PEM 2.0 substrata, respectively (1-way ANOVA, a ) 0.05 with P ) 0.00027 and 0.0031, respectively).
involved in cell division), these bacteria have not been shown to express actin analogues presumed to be required of eukaryotic mechanotransduction via macromolecular focal contacts with the substratum material. 
Mechanoselective Adhesion is also Exhibited by
Wild-Type and Mutant E. coli. The above results raise the possibility that mechanoselective adhesion may be unique to this particular strain of S. epidermidis. To address this issue and further probe the origins of this mechanoselectivity, we also used the same suite of PEM substrata to assay the adhesion efficiency of wild-type (wt) E. coli (K-12 w3100 strain) and a spherical mutant form, ∆mreB. This mutant lacks the mreBCD operon responsible for the actin analogue mreB and, thus, the rod-like shape of E. coli. Additionally, E. coli are G-, whereas S. epidermidis are G+, indicating structural differences in the bacterial cell envelope. As wt E. coli adhesion efficiency to control surfaces (e.g., to glass) exceeded that of S. epidermidis under these incubation conditions, the E. coli seeding density in these experiments was reduced to 0.5 × 10 7 cells/mL; otherwise, all experimental conditions were identical to those used in the S. epidermidis experiments reported in Figure 3 . Figure 6a shows that the colony density of wt E. coli increases directly with increasing PEM substrata stiffness over the previously detailed range of 1 MPa < E < 100 MPa. This represents approximately a 1000-fold decrease in colony density over a 100-fold reduction in E; on a proportional basis, this is a larger reduction in adhesion efficiency than observed for the S. epidermidis. Thus, despite the differences between the biochemical compositions of spherical S. epidermidis and rodlike E. coli, both cell types exhibit mechanoselective adhesion over this range of substrata stiffness. As in the case of S. epidermidis cultured with the same defined substrata, there was no correlation between colony density and substrata characteristics, including surface roughness, total interaction energy, or charge density. We note that the relatively greater cell surface area of E. coli (2-8-fold) 60,61 may contribute to the enhanced adhesion efficiencies of this bacterium to these surfaces; further studies are required to explore this possibility.
To consider the effects of cell shape conferred by protein expression, without the concomitant effects of varied extracellular envelope composition, we also assayed the adhesion efficiency of spherical ∆mreB E. coli to the substrata of extreme mechanical compliance. Figure 6b demonstrates that the colony density of this actin analogue-mutated, G-microbe also correlated directly with PEM substrata stiffness. These ∆mreB E. coli exhibited a 100-fold reduction in colony density with a 100-fold decrease in E, a rate of change comparable to that observed for the spherical S. epidermidis over the same range of conditions. Thus, although this represents an admittedly incomplete survey of bacterial strains and types, these data demonstrate that the correlation of viable bacteria adhesion spherical ∆mreB E. coli that lack the actin analogue mreB also adhere more readily to the stiffest substrata (E ∼ 100 MPa) than to the most compliant substrata (E ∼ 1 MPa). Scalebars ) 1 mm.
efficiency with substrata stiffness is not unique to only the G+, spherical S. epidermidis. Bakker et al. have noted mild, positive correlation of substrata stiffness with adhesion of marine bacterial strains under certain flow chamber conditions, but not others, to polyurethane surfaces; 62, 63 these authors considered much stiffer substrata over a considerably narrower range of E than those of the present study (1500 MPa < E < 1900 MPa) and did not report possible differences in surface charge density among those substrata. Thus, systematic consideration of the generality of this dependence for other bacterial strains, incubation conditions and substrata characteristics, including stiffness, remains an important topic for future studies.
Although complete elucidation of the molecular mechanisms responsible for this new observation is beyond the focus of this paper, our results indicate that neither stretch responsive monovalent ion channels, cell envelope composition indicated by Gram-staining, nor cell shape are required and/or causal elements. Alternatively, it is possible that bacterial fimbriae/ pili, which are constitutively expressed by the bacteria considered herein, 22, 50, 51 mediate a mechanoselective process similar to the so-called catch-bond mechanism posited to explain effects of shear flow stress on cell adhesion dynamics: the lifetime of noncovalent interactions can be increased under external mechanical force. 56, 64 As bacterial pili collide with and sample the substrata during incubation, the mechanical resistance of the material to pili retraction would increase with increasing substrata stiffness; this stabilization on stiffer substrata could increase the lifetime of pili-substrata interactions during the fast step of bacterial two-stage binding kinetics. 22 S. epidermidis and E. coli possess several glycosylated substructures at both the pili and the extracellular capsule 22, 50, 51 that are known to form attachments to materials and are capable of complex interactions similar to those observed in other bacterial species reported to form pili catch-bonds. Thorough consideration of this and other proposed mechanisms of this mechanoselective adhesion is the focus of ongoing work. Together, these results do not invalidate the physicochemical effects reported to influence microbial adhesion. Clearly, several competing surface features affect bacterial adhesion, viability, and subsequent colonization. Rather, the current study demonstrates that mechanical compliance of the substrata presents an important additional factor contributing to stable adhesion of viable bacteria.
Conclusions
We find that the adhesion of viable, colony-forming S. epidermidis and E. coli correlates positively with increasing elastic modulus of weak polyelectrolyte multilayered substrata over the range 1 MPa < E < 100 MPa. To our knowledge, this is the first demonstration that substrata stiffness affects the adhesion of viable prokaryotes, such as bacteria, independently of other surface characteristics. These observations were not attributable to differences in posited physicochemical regulators of bacterial adhesion, including rms surface roughness, surface interaction energy, and surface charge density of the PEM thin films. For the bacteria concentrations considered, neither divalent ions nor monovalent ions such as Na + and Cl -are required for this mechanosensory function, suggesting that activation of TRP ion channels is not required for mechanoselective adhesion of S. epidermidis. Further, quantitatively similar trends in wt and ∆mreB E. coli confirmed that this correlation is not limited to a single type or shape of bacteria. Although the underlying mechanisms require further study, it is clear that the mechanical stiffness of nanoscale polymeric substrata can strongly modulate adhesion of viable bacteria in aqueous suspensions, independently of several other interactions at the cell-material interface. Thus, mechanical compliance of material surfaces represents an additional design parameter by which colonization of both beneficial and potentially infectious bacteria can be modulated.
